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differentiating cultures demonstrated
that the miRNA-dependent splicing
transitions were also nPTB/PTB sensi-
tive in a way that was consistent with
the loss of nPTB/PTB during differenti-
ation. There are some subtleties that
hint at additional levels of complexity,
however. A block of miR-133 alone
had a stronger effect on most splicing
events than a block of miR-133 plus
miR-1/206, while nPTB and PTB pro-
tein steady-state levels were affected
more by the latter than the former.
This result suggests that these splicing
events are dependent upon factors in
addition to nPTB/PTB steady-state
levels. Given the unknown intricacies
of the regulatory roles of miR-133 and
miR-1/206 during muscle differentia-
tion, complexities are expected. For
example, PTB acts in conjunction
with antagonistic regulators as well
as coregulators. Expression of these
factors could be integrated into differ-
ent miRNA circuitry.
These results support the notion that
miRNAs preside over implementation
rather than determination of cell fate
decisions (Tomczak et al., 2004).
MiR-133 andmiR-1/206 are potentially
regulated by the myogenic transcrip-
tion factors MyoD and myogenin (Rao
et al., 2006), accounting for their rela-
tively late expression during differenti-
ation compared to other myogenic
factors, such as myogenin and p21
(Chen et al., 2006). In addition, many
of the miR-133 and miR-1/206 targets
predicted by the authors are not in-
volved in cellular determination, but
rather are metabolic, signaling, and
structural genes. This is also the case
for many of the splicing targets of
nPTB/PTB, so that the biological tar-
gets that are directly and indirectly
affected by miR-133 and miR-1/206
appear to modulate and maintain, but
not establish, the differentiated state.
This study provides insight into the
upstream events controlling a set of
coordinated alternative splicing deci-
sions that are part of a dramatic
cellular transition. It is an important
advance toward understanding how
posttranscriptional regulatory mecha-
nisms combine to control a develop-
mental program.
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A recent paper in Nature Cell Biology reports an unexpected role for nuclear transport proteins in
triggering the differentiation of ES cells. The authors show how switching of importin-a subtypes ex-
erts a selective gate-keeping function in the nuclear import of key transcription factors that regulate
stem cell maintenance and differentiation.Embryonic stem (ES) cells are blasto-
cyst-derived pluripotent cells capable
of apparently limitless proliferation.
Unlike the transient inner cell mass,
however, ES cells are able to remain
in an undifferentiated state indefinitely
when cultured under appropriate con-
ditions. A number of previous reports
have implicated multiple transcription
factors in the control of pluripotency.172 Developmental Cell 12, February 20Maintaining the pluripotency of ES
cells requires a strictly controlled level
of Oct3/4; a 2-fold increase in protein
level results in differentiation into prim-
itive endoderm, while a 50% reduction
drives the cells into the trophectoder-
mal lineage (Niwa et al., 2000). Sox2
functions as a co-factor of Oct3/4 in
this context, and the complex they
form acts on the promoters of various07 ª2007 Elsevier Inc.ES cell-specific genes. Interestingly,
Sox2 also plays a crucial role in neural
differentiation by acting as co-factor
for another POU-domain protein,
Brn2. The primary importance of a lim-
ited set of transcription factors in the
establishment of pluripotency was re-
cently highlighted by the conversion
of fibroblasts into ES-like cells by intro-
duction with just four factors: Oct3/4,
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PreviewsSox2, c-Myc and Klf4 (Takahashi and
Yamanaka, 2006).
Whenmouse ES cells are cultured in
the absence of maintenance signals
(typically LIF), they begin to differenti-
ate into various lineages. This differen-
tiation can occur in either a directed or
random manner, depending on the
culture conditions. Previous studies
have demonstrated that ES cells tend
to adopt a neural fate when they are
cultured with few extrinsic signals
(Ying et al., 2003; Watanabe et al.,
2005; this finding is consistent with
the ‘‘neural-default’’ model of pluripo-
tent animal cap cells in Xenopus devel-
opment), and it is this propensity that
makes neural conversion a good
model system for analyzing ES cell
differentiation in vitro.
The recent report by Yasuhara et al.
sheds new light on the control of tran-
scription factors in the neural differen-
tiation of ES cells from an undifferen-
tiated state (Yasuhara et al., 2007).
Transcription factors need to enter
and remain in the nucleus to fulfill their
function. Recent studies have pointed
to a key role for members of the
importin-a family of transport proteins,
which act as protein adapters of im-
portin-b to selectively mediate nuclear
localization signal (NLS)-dependent
import of nuclear proteins through nu-
clear pore complexes (Harel and For-
bes, 2004). The vertebrate importin-a
family comprisesmultiple proteins cat-
egorized into three subtypes. Interest-
ingly, the expression of these isoforms
varies in different tissues and in cells
at different stages of maturation (Gold-
farb et al., 2004; Yoneda, 2000). Yasu-
hara et al. took note of the fact that two
subtype proteins, importin-a1 and -a5,
are expressed in undifferentiated ES
cells and neural cells, respectively.
During ES cell differentiation, the ex-
pression of these proteins changes;
importin-a1 expression rapidly shuts
down while importin-a5 (also a3) ex-
pression gradually increases as neural
differentiation occurs.
The authors showed that overex-
pression of importin-a1 (but not -a5)
caused persistent expression of pluri-
potency marker genes such as Oct3/4
in the absence of maintenance signals,
and suppressed neural differentiation.
Introduction of importin-a1-RNAi in-Figure 1. Switching of Importin-a Subtypes during ES Cell Differentiation
In undifferentiated ES cells (A), Oct3/4 (oct) is imported through nuclear pores by the importin-a1/
b complex (a1 and b), while Sox2 (sox) import occurs to amoderate extent in an importin-b-depen-
dent manner. The Oct3/4/Sox2 complex activates a number of ES cell-specific genes, including
Oct3/4 itself. In the absence of maintenance signals (B), the expression of both Oct3/4 and impor-
tin-a1 is reduced. Presumably, the loss of importin-a1, which is predominant in ES cells, contrib-
utes to the shut-off of positive regulators of pluripotency (including Oct3/4) by excluding them from
the nucleus. This leads to a change in differentiation state. As neural differentiation proceeds (C),
importin-a5 (a5; and also -a3) facilitates the nuclear import of Brn2 (brn) and Sox2, which act on
the promoters of neural-specific genes such as Nestin.hibited the expression of Oct3/4. Con-
versely, the neural differentiation of ES
cells was attenuated by RNAi-medi-
ated inhibition of importin-a5 (but
not -a1). These findings suggest impor-
tant regulatory roles for importin-a1
and -a5 in the maintenance and neural
differentiation of ES cells, respectively.
It was previously shown that differ-
ent importin-a subtypes have distinct
substrate specificities (Kohler et al.,
1999). The authors examined the
substrate specificity of importin-a1
and -a5 for Oct3/4, Brn2 and Sox2
using an in vitro nuclear import assay,
and found that, in the presence of im-
portin-b, nuclear transport of Oct3/4
was facilitated by both importin-a1
and -a5,whereasBrn2 importwaspro-
moted solely by importin-a5. Although
as a general rule a and b importins
form functional complexes, it is also
known that some nuclear proteins re-
quire only importin-b to cross the nu-
clear envelope. Sox2 turns out to be
one such factor; the team found that
the import of Sox2 into the nucleus
occurred in the absence of exogenous
importin-a, although the addition of
importin-a5 (but not -a1) did enhance
its nuclear localization. Overall, these
results show that switching of im-
portin-a subtypes can potentially cause
qualitative and quantitative changesDevelopmental Cell 12in the localization of these key tran-
scription factors. Thus, in addition to
well-studied transcriptional regulation,
the posttranslational control of nu-
clear regulators by importin-a subtype
switching appears to play an impor-
tant role in stem cell differentiation
(Figure 1).
The Yasuhara report provides us
with an important and novel insight, but
raisesmany new questions aswell. For
instance, it remains unclear whether
or not there is a lag period (Figure 1B)
in which both importin-a1 and -a5 are
absent during subtype switching in
a differentiating cell, which could be
important because Oct3/4 can be
transported both by importin-a1 and -a5.
It would also be interesting to de-
termine if impaired Oct3/4 import is
responsible for the onset of differentia-
tion induced upon suppression of im-
portin-a1. Since ES cell maintenance
inhibited by importin-a1-RNAi is not
rescued by overexpression of impor-
tin-a5, although both -a1 and -a5 facil-
itate Oct3/4 import, it is possible that
one or more other proteins play even
more critical roles in this process.
Along similar lines, is Brn2 the main
neural differentiation factor that is reg-
ulated by importin-a5? It would be
intriguing to examine whether impor-
tin-a5 regulates the nuclear transport, February 2007 ª2007 Elsevier Inc. 173
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Previewsof other transcription factors in even
earlier steps of neural differentiation.
And lastly, does the same principle ap-
ply to ES cell differentiation pathways
other than neurogenesis (e.g., meso-
dermal differentiation)?
Nucleocytoplasmic shuttling of key
transcription factors is not unique to
ES cell differentiation; indeed, it is ob-
served in a number of cell types during
vertebrate and invertebrate develop-
ment (Goldfarb et al., 2004; Baranek
et al., 2005), suggesting that further
investigation of the nuclear transport
system may reveal unexpected regu-
latory roles for the importins and re-Ran and Rac in M
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Polar body formation in eggs proc
coordination between spindle p
appearing in this issue of Develo
polarity of the mouse egg.
The earliest and perhaps most physi-
cally asymmetric divisions in the life
of a mouse take place when the egg
forms two polar bodies, one following
each meiotic division (Figure 1). These
asymmetric divisions eliminate extra
sets of maternal chromosomes, pre-
paring the egg for the sperm-contrib-
uted DNA, while maintaining a sub-
stantial supply of maternal cytoplasm
in the egg. Prior to the meiotic divi-
sions, the oocyte nucleus is located
roughly in the center of the egg, and
the cortex has no apparent polarity.
As the meiotic spindle forms, it mi-
grates toward the egg cortex with
one pole leading themovement, taking
the shortest path to the cortex. As the
spindle approaches the egg periphery,
cortical polarity is established: the cor-
tical region overlying the spindle accu-
174 Developmental Cell 12, February 200lated factors at key differentiation
steps in many other aspects of tissue
development and maturation.
REFERENCES
Baranek, C., Sock, E., and Wegner, M. (2005).
Nucleic Acids Res. 33, 6277–6286.
Goldfarb, D.S., Corbett, A.H., Mason, D.A.,
Harreman, M.T., and Adam, S.A. (2004).
Trends Cell Biol. 14, 505–514.
Harel, A., and Forbes, D.J. (2004). Mol. Cell 16,
319–330.
Kohler, M., Speck, C., Christiansen, M., Bis-
choff, F.R., Prehn, S., Haller, H., Go¨rlich, D.,
and Hartmann, E. (1999). Mol. Cell. Biol. 11,
7782–7791.ouse Eggs: Cort
tioning
-1030, Austria
t
eeds through two extreme asymm
osition and the polarized acto-m
pmental Cell implicate the small G
mulates actin, myosin, the conserved
polarity mediators Par3 and Par6,
and the small GTPases Rho, Rac,
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larity in a number of systems. This cor-
tical domain, the actin cap, is associ-
ated with only one spindle pole, and
thus spindle elongation during meiotic
anaphase moves one set of chromo-
somes toward the actin cap while the
other set of chromosomes moves
toward the egg interior. The actin cap
and the cortex-proximal set of chro-
mosomes are cleaved from the egg
by the constriction of a myosin ring,
completing the first asymmetric divi-
sion and forming the first polar body.
The chromosomes remaining in the
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the meiotic spindle remains near the
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TPases Ran and Rac in cortical
cortex and rotates ninety degrees.
Following anaphase, the actin cap
and a set of chromosomes are again
cleaved from the egg, completing the
second asymmetric division and form-
ing the second polar body (reviewed
in Brunet and Maro, 2005 and Sun
and Schatten, 2006). During these
two asymmetric divisions, it is essen-
tial that the actin cap is precisely
located over the chromosomes and
that the size of the actin cap is large
enough to encompass all the chromo-
somes while preserving as much as
possible of the maternal stores in the
egg.
How are spindle position and corti-
cal polarity spatially coordinated? In
many examples of asymmetric divi-
sions, such as mouse neural prog-
enitor cells, Drosophila neuroblasts,
